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Abstract 
Here mixed convection boundary layer flow of a viscous fluid along a heated vertical semi-infinite plate is investigated in a non-absorbing 
medium. The relationship between convection and thermal radiation is established via boundary condition of second kind on the thermally 
radiating vertical surface. The governing boundary layer equations are transformed into dimensionless parabolic partial differential 
equations with the help of appropriate transformations and the resultant system is solved numerically by applying straightforward finite 
difference method along with Gaussian elimination technique. It is worthy to note that Prandlt number, Pr, is taken to be small (<< 1) 
which is appropriate for liquid metals. Moreover, the numerical results are demonstrated graphically by showing the effects of important 
physical parameters, namely, the modified Richardson number (or mixed convection parameter), Ri*, and surface radiation parameter, R, 
in terms of local skin friction and local Nusselt number coefficients. 
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1. Introduction 
Mixed convection is one of the transport phenomena in which both free and forced convection occurs together. The study 
of mixed convection along with thermal radiation has greatly been increased due to its importance in many practical 
applications. For instance, important engineering application where mixed convection occurs are cooling of electronic 
systems, chemical processing equipments, crystal growing, nuclear reactors, food processing and several other industrial 
processes. In the literature Sparrow et al. [1], Merkin [2], Lloyd and Sparrow [3], Tingwei et al. [4] and Raju et al. [5] 
studied the simplest physical model of such a flow by considering 2D laminar mixed convective flow along a vertical flat 
plate.  
Heat transfer for sufficiently high temperature surfaces needs a simultaneous analysis of the influence of several kinds of 
heat transfer mechanisms. One such mechanism through which heat can be transferred more rapidly is by the absorption, 
emission and scattering of radiation by the fluid. Initially, Ozisik [6], Sparrow and Cess [7] and Arpaci [8] investigated the 
influence of thermal radiation and natural convection over the semi-infinite vertical plate. Further, considering the 
Rosseland diffusion approximation, investigations on the natural convection flow as well as on the mixed convection flow 
of an optically dense gray fluid have been accomplished by Hossain et al. [9], Hossain and Rees [10], Molla and Hossain 
[11], Siddiqa et al. [12] and Siddiqa et al. [13]. Besides this, heat transfer can also be determined for a non-absorbing 
medium in which absorption, emission and scattering processes are neglected and the surface of the object uniformly emits 
into the surrounding medium a constant thermal flux. Considering this, Martynenko et al. [14], Salomatov and Puzyrev [15] 
and Sokovishin and Shapiro [16] investigated the influence of thermal radiation in a non-absorbing medium under different 
circumstances. 
In the present analysis, mixed convection boundary layer flow is considered along a semi-infinite vertical plate in a non-
absorbing medium. It is futhre assumed that the processes of radiation absorption, emission and scattering are ignored and 
the relationship between convection (mixed) and thermal radiation is established through a boundary condition of second 
kind on the thermally radiating vertical surface. The governing boundary layer equations are reduced to the convenient form 
with the help of appropriate formulation. The transformed system of equations is numerically integrated by employing finite 
difference method in conection with Gaussian elimination method. Numerical results thus obtained are expressed 
graphically in terms of local skin friction and local Nusselt number coefficients with effect of physical parameters that 
controls the flow field. 
 
2. Mathematical Formulation 
Consider the 2D steady state mixed convection boundary layer flow of a viscous incompressible fluid along a semi-infinite 
vertical heated surface in a non-absorbing medium. It is assumed that the processes of radiation absorption, emission and 
scattering are neglected. It is also supposed that the surface temperature of the flat plate, Tw, is sufficiently higher than the 
ambient fluid temperature, T∞. Therefore under the usual Boussinesq approximation the governing boundary layer equations 
can be written as  
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where u, v are the velocity components in the x and y directions respectively, ν the kinematic coefficient of viscosity, g 
identifies the gravitational force, β the coefficient of thermal expansion, α the thermal diffusivity and T the temperature of 
the fluid in the thermal boundary layer. The coordinate system and the flow configuration of the problem are shown in Fig. 
1. 
  
 
Fig. 1: Physical model and coordinate axis 
 
The relationship between convection and thermal radiation is developed with the help of a boundary condition of second 
kind on the vertical surface which is supposed to be a gray diffusion radiator with emissivity ε. Therefore the boundary 
conditions can be written as (see [14]). 
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(4) 
where σe is the Stefan-Boltzmann constant and κ the thermal conductivity of the fluid. 
  We now introduce the following dimensionless parameters 
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where /= LuReL   is the dimensionless Reynolds number and L the characteristic length of the vertical surface. 
Substituting (5) into the Eqs. (1)-(4), the following set of dimensionless governing equations (dropping bars) are obtained 
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The boundary conditions to be satisfied are 
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 In Equation (10) Ri is the mixed convection parameter or sometimes called buoyancy parameter, R the surface radiation 
parameter that measures the ratio of total heat flux transported from the surface of the wall to the radiative component and ξ 
the radiative length parameter that measures the degree of intensity of the ratio of radiative component and Reynolds 
number. It should be noted that for ξ = 0 the surface becomes non-radiating. Moreover, Prandtl number, Pr, calculates the 
strength of momentum diffusivity to the thermal diffusivity. 
The method of solution of the present problem posed through the set of equations (6)-(9) follows after adopting the 
following transformations: 
 1/21/21/21/2 =,=,=,=,= xxyxYVxvUu   (11) 
Substituting (11) in Equations (6)-(9) one obtains 
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The corresponding boundary conditions are 
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where Ri
*
 (=Ri/ξ3, the modified Richardson number). 
Once the quantities U and Θ and their derivatives are evaluated, one can calculate local skin friction coefficient, 1/2CfRe  
and local Nusselt number coefficient 1/2NuRe  which are significant from engineering point of view. Below are the 
expressions for these physical quantities, respectively. 
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(16) 
The system of equations (12)-(15) are solved numerically by employing finite difference method. For this, discretization 
process is initiated and central-difference quotients are used for diffusion terms whilst backward difference quotients are 
employed for the convection terms. Finally a system of algebraic equations is obtained which is solved with through 
Gaussain elimination method. The system of equations (12)-(15) is solved numerically by employing finite difference 
method. For this, discretization process is initiated and central-difference quotients are used for diffusion terms whilst 
backward difference quotients are employed for the convection terms. Finally a system of algebraic equations is obtained 
which is solved with through Gaussain elimination method. 
3. Results and Discussion 
In the present paper, the effect of mixed convection flow along a semi-infinite vertical plate is analyzed in the nonabsorbing 
medium. The surface rediation effects are considered in the present model and particularly the processes of radiation 
absorption, emission and scattering are neglected. However, the relationship between convection and thermal radiation is 
established with the help of second kind of boundary condition on the thermally radiating vertical surface.  The 
dimensionless boundary layer equations are transformed into parabolic partial differential equations and the solutions are 
then obtained numerically through finite difference method along with Gaussian elimination method. The resultant 
numerical solutions are discussed graphically in terms of local skin friction coefficient and local Nusselt number coefficient 
in the light of several physical parameters, such as, mixed convection parameter, Ri
*
, and surface radiation parameter, R. Its 
worthy to note that these results are obtained for flulids having Prandtl number very small (<<1).  
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Fig. 2: (a) Variation of local skin friction and (b) Local Nusselt number with χ for R = 0.0, 1.0, 2.0  while Pr = 0.05 and Ri* = 10.0 
 
The influence of surface radiation parameter, R is discussed initially on local skin friction coefficient, 1/2CfRe , and local 
Nusselt number coefficient, 1/2NuRe , in Fig. 2 for R = 0.0, 1.0, 2.0 while other parameters are Pr = 0.05 and Ri
*
= 10.0. In 
can be seen from these figures that coefficient of local skin friction and coefficient of local Nusselt number decreases 
considerably owing to the increase in the surface radiation parameter, R. Physically it happens due to the reason that R is 
acting as source term which increses energy at the vicinity of the fluid and as a result coefficients of local skin friction and 
local Nusselt number enhances. In addition, Figs. 2(a)-2(b) show that momentum as well as thermal boundary layer 
thicknesses decreases slightly as R enhances. 
Further, the variation of local skin friction coefficient, 1/2CfRe , and local Nusselt number coefficient,
1/2
NuRe , is 
inspected for Ri
*
 = 10.0, 50.0, 100.0 whereas Pr = 0.05 and R = 2.0 in Fig. 3. One can observe that wall shear stress and rate 
of heat transfer increases substantially as buoyancy force is intensified. Physically it happens due to the reason that Ri
*
 > 0 
acts like supportive driving force which accelerates the fluid flow with in the boundary layer and consequently skin friction 
enhances and heat transfer rate reduces significantly. 
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Fig. 3: (a) Variation of local skin friction and (b) Local Nusselt number with χ
 
for Ri* = 10.0, 50.0, 100.0 while Pr = 0.05 and R = 2.0. 
 4. Conclusions 
 
In the present work, mixed convection flow along a semi-infinite vertical surface is considered in the non-absorbing 
medium. The relationship between convection and thermal radiation is set up through the second kind of boundary condition 
on the thermally radiating vertical surface. The governing equations are reduced to suitable form by using approptirate 
transformations. The reduced equations are integrated numerically with finite difference method in connection with 
Gaussian elimination technique. The numerical results are abtained in terms of 1/2CfRe  and 
1/2
NuRe , for different values 
of the parameters, such as, surface radiation parameter, R, Richardson number, Ri
*
, and locally varying parameter, χ,
 
for 
fluids having Pr = 0.05. From the present analysis it is concluded that (i) coefficient of local skin friction and coefficient of 
local Nusselt number diminishes owing to the increase in the surface radiation parameter, R. 
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